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( 57 ) ABSTRACT 
Characteristics of a semiconductor device are improved . A 
method of manufacturing a semiconductor device of the 
invention includes a step of forming a gate insulating film 
over a nitride semiconductor layer . The step includes steps 
of forming a crystalline Al2O3 film on the nitride semicon 
ductor layer , forming a SiO2 film on the Al2O3 film , and 
forming an amorphous Al2O3 film on the SiO , film . The step 
further includes steps of performing heat treatment on the 
amorphous A1,02 to crystallize the amorphous A1,03 , 
thereby forming a crystalline Al2O3 film , and forming a SiO2 
film on the crystalline Al , 03 film . In this way , since a film 
stack , which is formed by alternately stacking the crystalline 
Al2O3 films and the SiO2 films from a bottom side , is used 
as the gate insulating film , threshold voltage can be cumu 
latively increased . 
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METHOD OF MANUFACTURING of increasing the threshold voltage is given in the case where 

SEMICONDUCTOR DEVICE AND THE a lower layer , Al2O3 , is crystallized . Furthermore , a rela 
SEMICONDUCTOR DEVICE tionship between Vt and thickness of the SiO2 film has 

revealed that the effect of increasing the threshold voltage is 
CROSS - REFERENCE TO RELATED 5 explained by a dipole model . 

APPLICATIONS According to such findings , the inventors have made 
earnest investigations on a structure and a manufacturing 

The disclosure of Japanese Patent Application No. 2017 method of a nitride semiconductor device to secure an effect 
172307 filed on Sep. 7 , 2017 including the specification , of further increasing a threshold voltage , and have achieved 
drawings and abstract is incorporated herein by reference in 10 a semiconductor device that has good normally - off charac 
its entirety . teristics while suppressing the reduction in threshold volt 

age . 
BACKGROUND Other objects and novel features will be clarified from the 

description of this specification and the accompanying draw 
The present invention relates to a method of manufactur- 15 ings . 

ing a semiconductor device and the semiconductor device . Among the embodiments disclosed in this application , 
For example , the invention can be preferably applied to a typical ones are briefly summarized as follows . 
semiconductor device using a nitride semiconductor . A method of manufacturing a semiconductor device 
GaN - based nitride semiconductor is expected to be used according to one embodiment disclosed in this application 

for a transistor in applications of high withstand voltage , 20 includes a step of forming a gate insulating film over a 
high output , and high frequency because of its wide bandgap nitride semiconductor layer . The step includes steps of 
and high electron mobility compared with Si or GaAs , and forming a crystalline oxide film of a first metal , forming an 
has been actively developed in recent years . Among such oxide film of a second metal over the crystalline oxide film 
transistors , a transistor having normally - off characteristics is of the first metal , and forming an amorphous oxide film of 
useful , and a structure is earnestly investigated so that the 25 the first metal over the oxide film of the second metal . 
transistor has the normally - off characteristics . A semiconductor device according to one embodiment 

For example , Japanese Patent No. 5684574 discloses a disclosed in this application includes a gate insulating film 
semiconductor device including an under layer , an electron formed over a nitride semiconductor layer . The gate insu 
supply layer , a two - dimensional electron gas cancel layer , a lating film includes a stack formed by stacking a crystalline 
first insulating film , and a gate electrode . 30 oxide film of a first metal , an oxide film of a second metal , 
K. Kita and A. Toriumi “ Origin of electric dipoles formed a crystalline oxide film of the first metal , and an oxide film 

at high - k / SiO , interface , ” Applied Physics Letters vol . 94 , of the second metal in order from a bottom side . 
132902 ( 2009 ) describes a MOS device having a so - called According to the method of manufacturing a semicon 
high - k metal structure , in which a film stack including Al2O3 ductor device described in each of the following typical 
stacked on SiO2 is used as a gate insulating film to increase 35 embodiments disclosed in this application , a semiconductor 
a threshold voltage . device having good characteristics can be manufactured . 

According to the semiconductor device of each of the 
SUMMARY following typical embodiments disclosed in this application , 

characteristics of the semiconductor device can be 
The inventors have engaged in research and development 40 improved . 

of a semiconductor device using a nitride semiconductor , 
and have made earnest investigations on improvement in BRIEF DESCRIPTION OF THE DRAWINGS 
characteristics of the semiconductor device . Specifically , the 
inventors have made investigations on a structure ( mesa FIG . 1 is a sectional view illustrating a schematic con 
type MOS structure ) of the transistor so that the transistor 45 figuration of a semiconductor device of a first embodiment . 
has the normally - off characteristics . FIGS . 2A and 2B are each an energy band diagram of the 

However , the investigation of the inventors shows that semiconductor device of the first embodiment . 
threshold voltage of the mesa - type MOS structure is low , FIG . 3 is a sectional view illustrating a formation process 
roughly 0 V , for example ; hence , the threshold voltage is of a gate insulating film and a gate electrode of the first 
desirably increased so that the normally - off characteristics 50 embodiment . 
are effectively exhibited . FIG . 4 is a sectional view illustrating the formation 

In a MOS device ( silicon device ) formed on a main process of the gate insulating film and the gate electrode of 
surface of a silicon substrate , as well known , the film stack the first embodiment . 
including Al2O3 stacked on SiO2 is used to increase a FIG . 5 is a sectional view illustrating the formation 
threshold voltage as described in the literature “ Origin of 55 process of the gate insulating film and the gate electrode of 
electric dipoles formed at high - k / SiO2 interface ” . the first embodiment . 

From such a viewpoint , the inventors have examined FIG . 6 is a sectional view illustrating the formation 
threshold voltage of a nitride semiconductor device using process of the gate insulating film and the gate electrode of 
the film stack including Al2O3 stacked on SiO2 as a gate the first embodiment . 
insulating film . As a result , the threshold voltage has not 60 FIG . 7 is a sectional view illustrating the formation 
increased significantly and reproducibly . Through further process of the gate insulating film and the gate electrode of 
investigations , the inventors have examined various film the first embodiment . 
stacks as a gate insulating film . As a result , contrary to the FIG . 8 is a sectional view illustrating the formation 
case of a silicon device , when a film stack including SiO2 process of the gate insulating film and the gate electrode of 
stacked on Al2O3 is used , an effect of increasing a threshold 65 the first embodiment . 
voltage has been confirmed in some nitride semiconductor FIG . 9 is a sectional view illustrating a configuration of a 
devices . Through analysis , it has been found that the effect semiconductor device of a first comparative example . 
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FIG . 10 is an energy band diagram of the semiconductor FIG . 33 is a sectional view illustrating the manufacturing 
device of the first comparative example . process of the semiconductor device of the first embodi 

FIG . 11 is a sectional view illustrating a configuration of 
a semiconductor device of a second comparative example . FIG . 34 is a sectional view illustrating a configuration of 

a semiconductor device of a second embodiment . FIG . 12 is an energy band diagram of the semiconductor 5 
device of the second comparative example . FIG . 35 is a sectional view illustrating a manufacturing 

process of the semiconductor device of the second embodi FIG . 13 is a sectional view illustrating a structure of a ment . 
semiconductor device using a film stack of a crystalline FIG . 36 is a sectional view illustrating the manufacturing 
A120 , film and an overlying SiO , film as a gate insulating process of the semiconductor device of the second embodi 
film . 

FIG . 14 is an energy band diagram of the semiconductor FIG . 37 is a sectional view illustrating the manufacturing 
device using the film stack of the crystalline Al2O3 film and process of the semiconductor device of the second embodi 
an overlying SiO film as the gate insulating film . ment . 

FIG . 15 is a sectional view illustrating the configuration FIG . 38 is a sectional view illustrating the manufacturing 
of the semiconductor device of the first embodiment . of the semiconductor device of the second embodi process 

ment . FIG . 16 is a plan view illustrating a configuration of the FIG . 39 is a sectional view illustrating the manufacturing semiconductor device of the first embodiment . process of the semiconductor device of the second embodi 
FIG . 17 is a sectional view illustrating a manufacturing ment . 

process of the semiconductor device of the first embodi- 20 FIG . 40 is a sectional view illustrating the manufacturing 
ment . process of the semiconductor device of the second embodi 

FIG . 18 is a sectional view illustrating the manufacturing 
process of the semiconductor device of the first embodi FIG . 41 is a sectional view illustrating the manufacturing 
ment . process of the semiconductor device of the second embodi 

FIG . 19 is a sectional view illustrating the manufacturing 25 ment . 
process of the semiconductor device of the first embodi FIG . 42 is a sectional view illustrating the manufacturing 
ment . process of the semiconductor device of the second embodi 

FIG . 20 is a sectional view illustrating the manufacturing ment . 
process of the semiconductor device of the first embodi FIG . 43 is a sectional view illustrating the manufacturing 
ment . process of the semiconductor device of the second embodi 

FIG . 21 is a sectional view illustrating the manufacturing 
process of the semiconductor device of the first embodi FIG . 44 is a sectional view illustrating the manufacturing 

process of the semiconductor device of the second embodi ment . 
ment . FIG . 22 is a sectional view illustrating the manufacturing FIG . 45 is a sectional view illustrating the manufacturing process of the semiconductor device of the first embodi process of the semiconductor device of the second embodi 

ment . ment . FIG . 23 is a sectional view illustrating the manufacturing FIG . 46 is a sectional view illustrating the manufacturing process of the semiconductor device of the first embodi process of the semiconductor device of the second embodi 
ment . 40 ment . 

FIG . 24 is a sectional view illustrating the manufacturing FIG . 47 is a sectional view illustrating the manufacturing 
process of the semiconductor device of the first embodi process of the semiconductor device of the second embodi 
ment . ment . 

FIG . 25 is a sectional view illustrating the manufacturing FIG . 48 is a sectional view illustrating the manufacturing 
process of the semiconductor device of the first embodi- 45 process of the semiconductor device of the second embodi 
ment . ment . 

FIG . 26 is a sectional view illustrating the manufacturing FIG . 49 is a sectional view illustrating the manufacturing 
process of the semiconductor device of the first embodi process of the semiconductor device of the second embodi 
ment . 

FIG . 27 is a sectional view illustrating the manufacturing 50 FIG . 50 is a sectional view illustrating the manufacturing 
process of the semiconductor device of the first embodi process of the semiconductor device of the second embodi 
ment . ment . 

FIG . 28 is a sectional view illustrating the manufacturing FIG . 51 is a sectional view illustrating the manufacturing 
process of the semiconductor device of the first embodi process of the semiconductor device of the second embodi 
ment . 55 ment . 

FIG . 29 is a sectional view illustrating the manufacturing FIG . 52 is a sectional view illustrating a configuration of 
process of the semiconductor device of the first embodi a semiconductor device of a first application of a third 
ment . embodiment . 

FIG . 30 is a sectional view illustrating the manufacturing FIG . 53 is a sectional view illustrating a configuration of 
process of the semiconductor device of the first embodi- 60 a semiconductor device of a second application of the third 
ment . embodiment . 

FIG . 31 is a sectional view illustrating the manufacturing FIG . 54 illustrates a Table of Pauling's electronegativity . 
process of the semiconductor device of the first embodi 
ment . DETAILED DESCRIPTION 

FIG . 32 is a sectional view illustrating the manufacturing 65 
process of the semiconductor device of the first embodi Although each of the following embodiments may be 
ment . dividedly described in a plurality of sections or embodi 

35 

ment . 
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ments for convenience as necessary , they are not unrelated layer S4 is formed on a part ( substantially the middle in FIG . 
to one another except for the particularly defined case , and 1 ) of the third nitride semiconductor layer S3 . 
are in a relationship where one is a modification , an appli The second nitride semiconductor layer S2 has an electron 
cation , detailed explanation , supplementary explanation , or affinity equal to or larger than that of the first nitride 
the like of part or all of another one . In each of the following 5 semiconductor layer S1 ( S1 + S2 ) . 
embodiments , when the number of elements and others The third nitride semiconductor layer S3 has an electron 
( including the number , a numerical value , amount , and a affinity smaller than that of the first nitride semiconductor 
range ) is mentioned , the number is not limited to a specified layer S1 ( S1 > S3 ) . 
number except for the particularly defined case and for the The fourth nitride semiconductor layer S4 has an electron 
case where the number is principally clearly limited to the 10 affinity larger than that of the first nitride semiconductor 
specified number . In other words , the number may be not layer S1 ( S4 > S1 ) . 
less than or not more than the specified number . The first nitride semiconductor layer Si , which may be 

In each of the following embodiments , a constituent referred to as buffer layer , is made of AlGaN , for example . 
element ( including an element step etc. ) of the embodiment The second nitride semiconductor layer S2 , which 
is not necessarily indispensable except for the particularly 15 referred to as channel layer , is made of Gan , for example . 
defined case and for the case where the constituent element The third nitride semiconductor layer S3 , which may be 
is considered to be indispensable in principle . Similarly , in referred to as barrier layer ( electron supply layer ) , is made 
the following embodiment , when a shape of a constituent of AlGaN , for example . However , the third nitride semicon 
element , a positional relationship , and others are described , ductor layer S3 has a larger proportion of Al than the first 
any configuration substantially closely related to or similar 20 nitride semiconductor layer S1 . The mesa part including the 
to such a shape or the like should be included except for the fourth nitride semiconductor layer S4 , which may be 
particularly defined case and for the case where such a referred to as 2DEG cancel layer ( 2DEG suppression layer , 
configuration is considered to be not included in principle . cap layer ) , is made of GaN , for example . 
The same holds true in each of the number of elements and The planar shape of the mesa part including the fourth 
others ( including the number , a numerical value , amount , 25 nitride semiconductor layer S4 is , for example , a rectangular 
and a range ) . shape having a long side in a paper depth direction . 

Hereinafter , some embodiments will be described in detail A gate electrode GE is formed over the mesa part includ 
with reference to the accompanying drawings . In all draw ing the fourth nitride semiconductor layer S4 with a gate 
ings for explaining the embodiments , components having insulating film GI in between . A source electrode SE is 
the same function are designated by the same or relevant 30 formed over the third nitride semiconductor layer S3 on one 
numeral , and duplicated description is omitted . If a plurality side ( left side in FIG . 1 ) of the mesa part including the fourth 
of similar components ( sites ) exist , the numeral for a general nitride semiconductor layer S4 , and a drain electrode DE is 
term may be further marked with a sign to indicate an formed over the third nitride semiconductor layer S3 on the 
individual or a particular site . In the following embodiments , other side ( right side in FIG . 1 ) thereof . 
the same or similar portion is not repeatedly described in 35 The planar shape of a stack of the gate electrode GE and 
principle except for a particularly required case . the gate insulating film ( GI ) is a rectangular shape having a 

Furthermore , a sectional view for explaining each long side in the paper depth direction ( see FIG . 16 ) . The 
embodiment may not be hatched for better viewability . A planar shape of each of the source electrode SE and the drain 
plan view may be hatched for better viewability . electrode DE is also a rectangular shape having a long side 

In the sectional views and the plan views , size of each site 40 in the paper depth direction ( see FIG . 16 ) . The paper depth 
does not correspond to size of an actual device , and a direction corresponds to a Y direction in FIG . 16 . 
particular site may be illustrated to be relatively large for The two - dimensional electron gas ( 2DEG ) is generated in 
better viewability . Even if a sectional view corresponds to a the vicinity of the interface between the second nitride 
plan view , a particular site may be illustrated to be relatively semiconductor layer ( channel layer ) S2 and the third nitride 
large for better viewability . 45 semiconductor layer ( barrier layer ) S3 and in the second 

nitride semiconductor layer S2 . The fourth nitride semicon 
First Embodiment ductor layer S4 has a function of suppressing the 2DEG . The 

function of suppressing the 2DEG may be a function of 
A semiconductor device of a first embodiment is now reducing concentration of the two - dimensional electron gas 

described in detail with reference to the accompanying 50 ( 2DEG ) . The fourth nitride semiconductor layer S4 there 
drawings . fore may also be referred to as 2DEG cancel layer . 

FIG . 1 is a sectional view illustrating a schematic con Hence , when a predetermined voltage ( threshold voltage ) 
figuration of the semiconductor device of the first embodi is applied to the gate electrode GE , a channel is formed 
ment . below the gate electrode GE , and a portion between the 

The semiconductor device of FIG . 1 is a metal - oxide- 55 2DEG regions becomes conductive by the channel , leading 
semiconductor field effect transistor ( MOSFET , MISFET ) to an on state of the transistor . That is , normally - off opera 
using a nitride semiconductor . The semiconductor device tion can be achieved . 
may also be referred to as high electron mobility transistor In the first embodiment , the gate insulating film GI 
( HEMT ) . The semiconductor device of FIG . 1 has a struc includes a first gate insulating film Gla formed on the mesa 
ture where a gate electrode is disposed over a mesa part with 60 part including the fourth nitride semiconductor layer S4 , a 
a gate insulating film in between as described later , and thus second gate insulating film Glb formed on the first gate 
may also be referred to as “ mesa - type MOS structure ” . insulating film Gla , a third gate insulating film GIc formed 

In the semiconductor device of the first embodiment , as on the second gate insulating film Glb , and a fourth gate 
shown in FIG . 1 , a first nitride semiconductor layer Si , a insulating film Gld formed on the third gate insulating film 
second nitride semiconductor layer S2 , and a third nitride 65 GIc . The first gate insulating film Gla and the third gate 
semiconductor layer S3 are formed in order over a substrate insulating film Glc are made of crystalline aluminum oxide 
SUB . A mesa part including a fourth nitride semiconductor ( c - Al2O3 ) . The second gate insulating film GIb and the 
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fourth gate insulating film Gld are made of silicon oxide For example , as in the semiconductor device of the second 
( SiO2 ) . In other words , the first embodiment uses a film comparative example as shown in FIG . 11 , when a film stack 
stack , which is formed by alternately stacking the crystalline of an amorphous Al O , film and an overlying Sio , film is 
A1203 films and the SiO , films from the bottom side , as the used as the gate insulating film GI , the energy band is as 
gate insulating film GI . In other words , the first embodiment 5 shown by a thick black solid line in FIG . 12. That is , since 
uses a film stack , which is formed by repeatedly stacking the the interfacial positive charge Qint occurring at an interface two - layer films including the crystalline A1,02 films and the between the mesa part including the fourth nitride semicon overlying SiO films , ( uses a film stack of at least two layers ) ductor layer S4 and the gate insulating film ( a - Al2O3 film ) as the gate insulating film GI . The above - described compo 
sitional ratio between Al , Si , and oxygen ( O ) is not limita- 10 inverted . In addition , SiO , has a smaller electron affinity and GI is not changed , the direction of the electric field remains 
tive . a lower dielectric constant than Al2O3 , causing a high field As described above , in the first embodiment , the film 
stack , which is formed by alternately stacking the crystalline strength . Hence , the threshold voltage ( Vt ) is further reduced 
A1202 films and the Sio , films from the bottom side , is used compared with the case of the first comparative example 
as the gate insulating film GI ; hence , a threshold voltage ( Vt ) 15 ( FIGS . 9 and 10 ) . 
can be shifted in a positive direction . That is , the threshold On the other hand , when a film stack of a crystalline 
voltage ( Vt ) can be increased . Al2O3 film to be the first gate insulating film Gla and an 

Such an effect of increasing the threshold voltage ( Vt ) of overlying SiO , film to be the second gate insulating film Glb 
the first embodiment is described with reference to FIGS . 1 is used as the gate insulating film GI as shown in FIG . 13 , 
to 14. FIGS . 2A and 2B are each an energy band diagram of 20 the threshold voltage ( Vt ) can be increased compared with 
the semiconductor device of the first embodiment . FIGS . 3 the case of the second comparative example ( FIGS . 11 and 
to 8 are each a sectional view illustrating a formation process 12 ) as shown in FIG . 14. In other words , the threshold 
of the gate insulating film and the gate electrode of the first voltage ( Vt ) can be shifted in a positive direction . 
embodiment . FIG . 9 is a sectional view illustrating a struc The effect of increasing the threshold voltage ( Vt ) can be 
ture of a semiconductor device of a first comparative 25 explained by the following “ dipole model ” from comparison 
example . FIG . 10 is an energy band diagram of the semi between the first comparative example , the second compara 
conductor device of the first comparative example . FIG . 11 tive example , and the semiconductor device of FIG . 13 . 
is a sectional view illustrating a structure of a semiconductor Specifically , dipole is formed at a boundary between the 
device of a second comparative example . FIG . 12 is an crystalline Al2O3 film and the Sio , film in the film stack of 
energy band diagram of the semiconductor device of the 30 the crystalline Al2O3 film and the overlying Sio , film . Such 
second comparative example . FIG . 13 is a sectional view dipole has negative charge ( - ) on a crystalline Al , 03 film 
illustrating a structure of a semiconductor device using a side and positive charge ( + ) on a SiO2 film side ( see FIG . 
film stack of a crystalline A1203 film and an overlying SiO2 14 ) . A distance between the positive charge and the negative 
film as a gate insulating film . FIG . 14 is an energy band charge is 1 nm or less . In the vicinity of the boundary 
diagram of the semiconductor device using the film stack of 35 between the crystalline A1,03 film and the Sio , film , at 
the crystalline Al2O3 film and the overlying SiO2 film as the which the dipole ( charge pair ) exists , an electric field is 
gate insulating film . The energy band diagram corresponds applied in a direction in which an electric field , which is 
to the gate electrode , and the gate insulating film and the caused by the interfacial positive charge Qint occurring at the 
nitride semiconductor layer below the gate electrode . interface between the crystalline A1203 film and the mesa 

A single - layer amorphous A1,03 film is used as the gate 40 part including the fourth nitride semiconductor layer S4 , is 
insulating film GI in the semiconductor device of the first cancelled ( see a thick arrow in FIG . 14 ) . As a result , the 
comparative example shown in FIG . 9. In such a case , in a threshold voltage ( Vt ) can be increased compared with the 
band diagram in design , a level of a gate electrode GE case of the first or second comparative example . Although an 
portion is located below the Fermi level ( Ef ) as shown by a applicable range of an electric field is narrow , 1 nm or less , 
broken line in FIG . 10. In an actual device , however , as 45 as described above , charge amount ( charge amount of each 
shown by a solid line in FIG . 10 , a direction of an electric of positive charge and negative charge ) is about one order 
field applied to the gate insulating film ( a - A1,02 film ) GI is higher than the amount of the interfacial positive charge 
inverted and the threshold voltage ( Vt ) is reduced due to an Vint , leading to a change in potential energy effective in 
interfacial positive charge lint occurring at an interface increasing the threshold voltage . 
between the mesa part including the fourth nitride semicon- 50 Furthermore , when a film , which is formed by repeatedly 
ductor layer S4 and the gate insulating film ( a - A1203 film ) stacking the two - layer films including the crystalline Al2O3 
GI . films and the overlying SiO2 films , is used as in the first 

From the investigation of the inventors , it is found that embodiment ( FIG . 1 ) , the threshold voltage ( Vt ) can be 
although the film stack of the SiO , film and the overlying further increased as shown in FIGS . 2A and 2B . In this 
amorphous A1203 film provides the effect of increasing the 55 description , the films configuring the gate insulating film GI 
threshold voltage in silicon devices , using such a film stack include a crystalline Al2O3 film ( Gla ) , a Sio , film ( GIb ) , a 
as the gate insulating film does not increase the threshold crystalline Al2O3 film ( GIC ) , and a Sio , film ( Gld ) in order 
voltage in nitride semiconductor devices . from the bottom side . 

Various film stacks have been examined as the gate As described above , even if dipole is formed at the 
insulating film in a further investigation of the inventors . As 60 boundary between the crystalline Al2O3 film ( Gla ) and the 
a result , when a film stack including a SiO , film stacked on SiO2 film ( GIb ) , formation of reverse dipole , i.e. , dipole 
an Al2O3 film is used as the gate insulating film contrary to including positive charge ( + ) on the SiO , film side and 
the case of the silicon device , an effect of increasing the negative charge ( - ) on the A1203 film side , cancels the effect 
threshold voltage has been confirmed in some nitride semi of increasing the threshold voltage by the dipole . However , 
conductor device . Through further analysis , it has been 65 when an amorphous Al2O3 film is formed on the SiO , film 
found that the effect of increasing the threshold voltage is ( GIb ) , the reverse dipole is not formed . In addition , even if 
given when the lower layer , Al2O3 , is crystallized . the amorphous Al2O3 film is formed and crystallized by heat 
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treatment and thus formed into a crystalline Al2O3 film conductor layer ( buffer layer ) S1 , a GaN layer as the second 
( GIc ) , the reverse dipole is not formed . nitride semiconductor layer ( channel layer ) S2 , and an 
Hence , whenever the two - layer films including the crys AlGaN layer ( Al proportion 22 % ) as the third nitride semi 

talline Al2O3 films and the overlying SiO2 films are stacked , conductor layer ( barrier layer ) S3 are epitaxially grown in 
the threshold voltage is cumulatively increased , so that the 5 order over the substrate SUB . Subsequently , a GaN layer is 
threshold voltage ( Vt ) can be made positive . In addition , the epitaxially grown as a fourth nitride semiconductor layer S4 
threshold voltage ( Vt ) can be easily adjusted . FIG . 2A shows on the third nitride semiconductor layer S3 , and then an 
a band diagram for a stack of two layers of the two - layer film undepicted mask film is formed in a formation region of a 
including the crystalline A1,0 , film and the overlying SiO , mesa part , and the fourth nitride semiconductor layer S4 is 
film ( four layers in total ) . FIG . 2B shows a band diagram for 10 etched with the mask film as a mask . As a result , the mesa 
a stack of three layers of the two - layer film including the part is formed . 
crystalline Al2O3 film and the overlying SiO , film ( six layers Subsequently , the gate insulating film GI and the gate 
in total ) . In the case shown in FIGS . 2A and 2B , a level of electrode GE are formed over the mesa part including the 
the gate electrode GE portion is located below the Fermi fourth nitride semiconductor layer S4 . For example , as 
level ( Ef ) . 15 shown in FIG . 3 , a crystalline aluminum oxide ( C - A1203 ) is 

In this way , even if the interfacial positive charge Qint formed as the first gate insulating film Gla on the mesa part 
occurs between the mesa part including the fourth nitride including the fourth nitride semiconductor layer S4 and on 
semiconductor layer S4 and the gate insulating film the third nitride semiconductor layer S3 . First , amorphous 
( a - A1203 film ) GI by the dipole at the boundary between the aluminum oxide ( a - A1203 ) is deposited at a deposition 
crystalline Al2O3 film and the SiO2 film , the threshold 20 temperature of 300 ° C. so as to have a thickness of 5 nm 
voltage ( Vt ) can be increased . Furthermore , when the film using an atomic layer deposition ( ALD ) process . Subse 
stacks including the crystalline Al2O3 films and the SiO2 quently , the amorphous aluminum oxide ( a - A1203 ) is sub 
films are repeatedly stacked , the amorphous A1203 film jected to heat treatment for 10 min at 800 ° C. in an inert gas 
stacked on the SiO2 film prevents formation of the reverse ( for example , nitrogen ) atmosphere . Through the heat treat 
dipole that cancels the effect of the dipole . In addition , even 25 ment , the amorphous aluminum oxide ( a - A1203 ) is crystal 
if the amorphous Al2O3 film is formed and then crystallized , lized and thus formed into the crystalline aluminum oxide 
the reverse dipole is not formed . Hence , the film stacks ( c - A1203 ) . 
including the crystalline A1,03 films and the SiO , films are Herein , crystallization means treatment to produce grains , 
repeatedly stacked , thereby the threshold voltage is cumu and the crystalline aluminum oxide ( C - A1203 ) has a number 
latively increased , so that the threshold voltage ( Vt ) can be 30 of grains . The crystalline aluminum oxide may therefore 
made positive . In addition , the threshold voltage ( Vt ) can be referred to as polycrystalline aluminum oxide . The average 
easily adjusted . grain size of the grains is preferably similar ( + 80 % ) to the 

In the formation of the Sio , film on the A1203 film , when thickness of the aluminum oxide film ( a - Al2O3 , C - A1203 ) . 
the SiO2 film is formed in an atmosphere of 800 ° C. or Although the thickness of the aluminum oxide film 
higher , the Al2O3 film as the lower layer may be amorphous . 35 ( a - Al2O3 , C - A1203 ) is about 5 nm in this case , the thickness 
In such a case , the Al2O3 film is exposed to the above can be adjusted within a range from 2 to 20 nm , more 
atmosphere , thereby the SiO2 film is formed on the A1203 preferably 5 to 10 nm . The thickness of 2 nm or more allows 
film of which at least the surficial portion is concurrently dipole formation . The thickness is preferably 5 nm or more 
crystallized ; hence , the dipole is formed . to secure a sufficiently large dipole ( increase the charge 

The effect of increasing the threshold voltage by the 40 amount ) . Although the thickness has no upper limit , when 
dipole is now quantitatively described from the viewpoint of the two - layer films including the crystalline Al2O3 films and 
charge . For example , when thickness of the Al2O3 film on the overlying Sio , films are repeatedly stacked , the thick 
the interface , at which the interfacial positive charge Qint of ness is sufficiently 20 nm or less . The thickness is more 
1x1012 cm - 2 exists , is assumed to be 60 nm , the threshold preferably 10 nm or less to suppress influence of the 
voltage is reduced by 1.2 V. On the other hand , the dipole 45 interfacial positive charge Qint 
charge occurring at the interface between the crystalline Subsequently , as shown in FIG . 4 , a silicon oxide film 
A1,03 film and the SiO2 film in the first embodiment is ( SiO , film ) is formed as the second gate insulating film Glb 
3.5x1013 cm ? , which is an order of magnitude greater than on the first gate insulating film Gla . For example , the silicon 
the interfacial positive charge Qint , leading to the effect of an oxide film ( SiO , film ) is formed at a deposition temperature 
increase in the threshold voltage of 0.7 V. Hence , the effect 50 of 400 ° C. so as to have a thickness of 10 nm using a low 
of an increase in the threshold voltage of 1.4 V is given by pressure chemical vapor deposition ( LPCVD ) process . 
stacking the film stacks two times , and an increase of 2.1 V Although the thickness of the silicon oxide film ( SiO2 film ) 
is given by stacking the film stacks three times . In such a is about 10 nm in this case , the thickness can be adjusted 
case , the film stacks are stacked at least two times , thereby within a range from 5 to 20 nm , more preferably 5 to 10 nm . 
the effect of increasing the threshold voltage is obtained 55 The thickness of 5 nm or more allows dipole formation . 
beyond the effect of reducing the threshold voltage by the Although the thickness has no upper limit , when the two 
interfacial positive charge lint layer films including the crystalline Al2O3 films and the 

A manufacturing process of the gate insulating film , the overlying SiO2 films are repeatedly stacked , the thickness is 
gate electrode , and the like of the semiconductor device of sufficiently 20 nm or less . The thickness is more preferably 
the first embodiment is now described with reference to 60 nm or less to suppress influence of the interfacial positive 
FIGS . 3 to 8 , while a stacking state of the A1,03 film and the charge Qint 
SiO2 film and formation of the dipole are described . The silicon oxide film ( SiO2 film ) is formed as the second 

A substrate SUB as shown in FIG . 3 is provided , and first gate insulating film Glb on the crystalline aluminum oxide 
to third nitride semiconductor layers ( S1 to S3 ) are formed ( c - A1203 ) ; hence , dipole is formed at the interface between 
in order . A semiconductor substrate made of , for example , 65 such films . 
silicon ( Si ) is used as the substrate SUB . Subsequently , an Subsequently , as shown in FIGS . 5 and 6 , the crystalline 
AIGN layer ( Al proportion 5 % ) as the first nitride semi aluminum oxide ( c - A1203 ) is formed as the third gate 



US 10,566,183 B2 
11 12 

insulating film GI? on the second gate insulating film GIb . overlying SiO2 films . This means a new finding of “ dipole 
First , as shown in FIG . 5 , the amorphous aluminum oxide formation is not simply due to contact of the A1,03 film and 
( a - A1203 ) is formed at a deposition temperature of 300 ° C. the SiO2 film ” and “ dipole polarity between the Al2O3 film 
so as to have a thickness of 10 nm using an ALD process . and the SiO2 film on nitride semiconductor devices is 

The amorphous aluminum oxide ( a - A1203 ) film is formed 5 opposite to that on Si device ” . The threshold voltage can be 
on the silicon oxide film ( SiO2 film ) as the second gate increased according to the new finding that is unique to the 
insulating film GIb ; hence , no dipole is formed at the nitride semiconductor and different from such technology . 
interface between such films . Although the gate insulating film GI includes four layers 

Subsequently , the amorphous aluminum oxide ( a - A1,02 ) ( Gla to Gld ) in this case , the gate insulating film GI may 
is subjected to heat treatment for 10 min at 800 ° C. in an 10 include six , eight , or at least ten layers . 
inert gas ( for example , nitrogen ) atmosphere . Through the In this case , the films configuring the gate insulating film 
heat treatment , the amorphous aluminum oxide ( a - A1203 ) is GI include the crystalline Al2O3 film ( Gla ) 5 nm thick , the 
crystallized and thus formed into the crystalline aluminum SiO2 film ( Gb ) 10 nm thick , the crystalline Al2O3 film ( GIC ) 
oxide ( c - A1203 ) ( FIG . 6 ) . The above heat treatment condi 10 nm thick , and the SiO , film ( Gld ) 10 nm thick from the 
tion is an exemplary condition . However , heat treatment at 15 bottom side . This is an example where the film stacks are 
800 ° C. or higher is preferably performed to crystallize the designed to have the same capacitance value in total as that 
amorphous aluminum oxide ( a - A1203 ) . of a gate insulating film GI including a single - layer Al2O3 
No dipole is formed at the interface between the silicon film 60 nm thick so that the same gate drive capability is 

oxide film ( SiO2 film ) as the second gate insulating film GIb obtained . The gate insulating film GI is therefore not limited 
and the crystalline aluminum oxide ( c - A1203 ) as the third 20 to such a thickness configuration . An example where the 
gate insulating film GIc even after the heat treatment ( crys gate insulating film GI is designed to include six layers is 
tallization ) . That is , the state where no dipole exists remains shown in the following . That is , the gate insulating film may 
even after the heat treatment ( crystallization ) . include the crystalline Al2O3 film ( Gla ) 5 nm thick , the SiO2 

The thickness of the aluminum oxide film ( a - A1203 , film ( GIb ) 5 nm thick , the crystalline Al2O3 film ( GIC ) 5 nm 
C - A1203 ) to be the third gate insulating film Glc can be 25 thick , the SiO , film ( GIb ) 5 nm thick , the crystalline Al2O3 
adjusted within a range from 2 to 20 nm , more preferably 5 film ( GIc ) 5 nm thick , and the SiO , film ( Gld ) 10 nm thick , 
to 10 nm . The thickness of 2 nm or more allows dipole which are stacked in order from the bottom side . 
formation . The thickness is preferably 5 nm or more to Subsequently , as shown in FIG . 8 , for example , a titanium 
secure a sufficiently large dipole ( increase the charge nitride ( TiN ) film is deposited as a conductive film for the 
amount ) . Although the thickness has no upper limit , when 30 gate electrode GE on the gate insulating film ( fourth gate 
the two - layer films including the crystalline Al , 03 films and insulating film Gld ) GI at a thickness of about 100 nm using 
the overlying Sio , films are repeatedly stacked , the thick a sputtering process or the like . Subsequently , an undepicted 
ness is sufficiently 20 nm or less . The thickness is more photoresist film is formed in the formation region of the gate 
preferably 10 nm or less to suppress influence of the electrode GE , and the conductive film for the gate electrode 
interfacial positive charge Qir 35 GE and the underlying gate insulating film GI ( Gla to GId ) 

Subsequently , as shown in FIG . 7 , a silicon oxide film are etched with the photoresist film as a mask . As a result , 
( SiO2 film ) is formed as the fourth gate insulating film Gld the gate electrode GE is formed , and the gate insulating film 
on the third gate insulating film GIc . For example , the silicon GI ( Gla to Gld ) having the same planar shape as the gate 
oxide film ( SiO , film ) is formed at a deposition temperature electrode GE is formed under the gate electrode GE ( see 
of 400 ° C. so as to have a thickness of 10 nm using a LPCVD 40 FIG . 1 ) . Subsequently , the photoresist film is removed . 
process . The thickness of the silicon oxide film ( SiO2 film ) Subsequently , a source electrode SE and a drain electrode 
to be the fourth gate insulating film Gld can be adjusted DE are formed . The source electrode SE and the drain 
within a range from 5 to 20 nm , more preferably 5 to 10 nm . electrode DE are formed using a liftoff process , for example . 
The thickness of 5 nm or more allows dipole formation . For example , regions other than the formation regions of the 
Although the thickness has no upper limit , when the two- 45 source electrode SE and the drain electrode DE are covered 
layer films including the crystalline Al2O3 film and the with an undepicted photoresist film , and a conductive film is 
overlying SiO film are repeatedly stacked , the thickness is formed above the substrate SUB . For example , an aluminum 
sufficiently 20 nm or less . The thickness is more preferably film is deposited using a sputtering process or the like . 
10 nm or less to suppress influence of the interfacial positive Subsequently , the photoresist film is removed , and the 
charge Qint 50 conductive film in the regions other than the formation 

The silicon oxide film ( SiO , film ) is formed as the fourth regions of the source and drain electrodes SE and DE are 
gate insulating film Gld on the crystalline aluminum oxide removed . 
( c - A1203 ) ; hence , dipole is formed at the interface between As described above , the semiconductor device of FIG . 1 
such films . can be formed . 
As described above , formation of dipole is not simply due 55 Subsequently , the semiconductor device of the first 

to contact of the Al2O3 film and the SiO2 film , but is due to embodiment is further described in detail with reference to 
crystallinity of the Al2O3 film and a stacking order of the FIGS . 15 to 33 . 
films . Description of Structure 

Specifically , in a new important finding , the experimental FIG . 15 is a sectional view illustrating a configuration of 
facts of “ dipole is formed by forming the silicon oxide film 60 the semiconductor device of the first embodiment . FIG . is a 
( SiO2 film ) on the crystalline aluminum oxide ( C - A1203 ) ” plan view illustrating the configuration of the semiconductor 
and “ no dipole is formed in the case where the amorphous device of the first embodiment . The sectional view of FIG . 
aluminum oxide ( a - A1203 ) is formed on the silicon oxide 15 corresponds to a portion A - A in FIG . 16 , for example . 
film ( SiO2 film ) and crystallized ” are used , so that the In the semiconductor device of the first embodiment , as 
threshold voltage can be cumulatively increased using the 65 shown in FIG . 15 , the first nitride semiconductor layer S1 , 
gate insulating film formed by repeatedly stacking the the second nitride semiconductor layer S2 , and the third 
two - layer films including the crystalline Al2O3 films and the nitride semiconductor layer S3 are formed in order over the 
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substrate SUB . The mesa part including the fourth nitride ( see FIG . 16 ) . The width ( length in the X direction , length 
semiconductor layer S4 is formed on a part of the third in the current flow direction from the drain electrode to the 
nitride semiconductor layer S3 . À nucleation layer and an source electrode , i.e. , in the gate length direction ) of the gate 
overlying high - resistance buffer layer may be formed over electrode GE is larger than the width ( length in the X 
the substrate SUB before formation of the first nitride 5 direction ) of the mesa part . 
semiconductor layer S1 and others . A film including four layers ( Gla to Gld ) is formed as the For , example , a semiconductor substrate made of silicon gate insulating film GI in the first embodiment . Specifically , ( Si ) exposing a ( 111 ) plane may be used as the substrate provided is the gate insulating film including a stack of two SUB . In addition to the silicon substrate , a SiC or sapphire 
substrate may be used as the substrate SUB . A substrate 10 the lower layer and the silicon oxide ( SiO2 ) as the upper 

layers of two - layer film including the crystalline Al2O3 as 
made of GaN may also be used . In such a case , the layer . nucleation layer may be omitted . As described above , the first embodiment uses film stack , The nucleation layer includes a nitride semiconductor 
layer . For example , an aluminum nitride ( AIN ) layer can be which is formed by repeatedly stacking the two - layer films 
used as the nucleation layer . The high - resistance buffer layer is including the crystalline A1,0 , films and the overlying Sio , 
includes one or more nitride semiconductor layers each films , as the gate insulating film GI . The A1,03 film on the 
including a nitride semiconductor doped with an impurity SiO2 film is formed in an amorphous state and then crys 
forming a deep level . For example , a superlattice structure tallized . Such a film stack is used as the gate insulating film 
( superlattice layer ) including a plurality of nitride semicon GI , thereby the threshold voltage ( Vt ) can be increased as 
ductor layers can be formed by repeatedly stacking film 20 described above . 
stacks ( AIN / GaN film ) including gallium nitride ( GaN ) A field plate insulating film FP is formed on the third 
layers and aluminum nitride ( AIN ) layers so as to be used as nitride semiconductor layer S3 on both sides of the mesa 
the high - resistance buffer layer . part . In other words , the field plate insulating film FP having 

Any of the nitride semiconductor layers ( III - V compound an opening is formed over the third nitride semiconductor 
semiconductor layers ) over the substrate SUB is typically 25 layer S3 , and the mesa part is disposed in the opening . The 
formed by group III face growth . gate insulating film GI and the gate electrode GE are 
As described above , the first nitride semiconductor layer disposed so as to cover the opening of the field plate 

S1 , the second nitride semiconductor layer S2 , and the third insulating film FP . Consequently , the width ( length in the X 
nitride semiconductor layer S3 are formed in order over the direction ) of the opening of the field plate insulating film FP 
substrate SUB . The mesa part including the fourth nitride 30 is smaller than the width ( length in the X direction ) of the 
semiconductor layer S4 is formed on a part of the third gate electrode GE , but larger than the width ( length in the X 
nitride semiconductor layer S3 . direction ) of the mesa part . In this way , the field plate 

The second nitride semiconductor layer S2 has an electron insulating film FP is provided below the end portion of the 
affinity equal to or larger than that of the first nitride gate electrode GE , making it possible to increase the with 
semiconductor layer S1 ( S1sS2 ) . 35 stand voltage of the semiconductor device . 

The third nitride semiconductor layer S3 has an electron An interlayer insulating film IL1 is formed over the gate 
affinity smaller than that of the first nitride semiconductor electrode GE . The source electrode SE and the drain elec 
layer S1 ( S1 > S3 ) . trode DE are formed over the third nitride semiconductor 

The fourth nitride semiconductor layer S4 has an electron layer S3 on the two respective sides of the mesa part ( S4 ) . 
affinity larger than that of the first nitride semiconductor 40 For example , contact holes ( coupling holes ) C1 are formed 
layer S1 ( S4 > S1 ) . in the interlayer insulating film IL1 , and the source electrode 
As described above , the first nitride semiconductor layer SE and the drain electrode DE are disposed in and on the 

S1 , which may be referred to as buffer layer , is made of respective contact holes C1 . An insulating film IL2 is formed 
AlGaN , for example . The second nitride semiconductor over the source electrode SE and the drain electrode DE . The 
layer S2 , which may be referred to as channel layer , is made 45 insulating film IL2 is a film stack of a lower film IL2a and 
of GaN , for example . The third nitride semiconductor layer an upper film IL2b . 
S3 , which may be referred to as barrier layer ( electron As shown in FIG . 16 , the planar shape of the drain 
supply layer ) , is made of AlGaN , for example . However , the electrode DE is a rectangular shape having a long side in the 
third nitride semiconductor layer S3 has a larger Al propor Y direction . The planar shape of the source electrode SE is 
tion than the first nitride semiconductor layer S1 . For 50 also a rectangular shape having a long side in the Y 
example , the Al proportion of the first nitride semiconductor direction . A contact hole C1 to be a coupling part ( coupling 
layer S1 is 0 to 10 % , more preferably 3 to 8 % . For example , region ) between the drain electrode DE and the third nitride 
the Al proportion of the third nitride semiconductor layer S3 semiconductor layer S3 is disposed below the drain elec 
is 15 to 30 % , more preferably 18 to 22 % . The fourth nitride trode DE . The planar shape of the contact hole C1 is a 
semiconductor layer ( 2DEG cancel layer ) S4 is an undoped 55 rectangular shape having a long side in the Y direction . A 
layer , and includes , for example , i - Gan , but may include contact hole C1 to be a coupling part ( coupling region ) 
AlGaN having a smaller Al proportion than the first nitride between the source electrode SE and the third nitride semi 
semiconductor layer S1 . The fourth nitride semiconductor conductor layer S3 is disposed below the source electrode 
layer S4 may also include InGaN . SE . The planar shape of the contact hole C1 is a rectangular 

The gate electrode GE is formed over the mesa part 60 shape having a long side in the Y direction . 
including the fourth nitride semiconductor layer S4 with the The gate electrode GE is disposed between the drain 
gate insulating film GI in between . The planar shape of the electrode DE and the source electrode SE . As described 
mesa part is a rectangular shape having a long side in the above , the gate electrode GE has a rectangular shape having 
paper depth direction . the long side in the Y direction . 

A stack of the gate insulating film ( GI ) and the gate 65 As shown in FIG . 16 , a plurality of drain electrodes DE , 
electrode GE has a planar shape being a rectangular shape gate electrodes GE , and source electrodes SE are repeatedly 
having a long side in the paper depth direction ( Y direction ) disposed . 
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Specifically , the planar shape of the drain electrode DE is ( III - V compound semiconductor layers ) is typically formed 
the rectangular shape having the long side in the Y direction . by group III face growth ( herein , gallium face growth or 
The plurality of linear drain electrodes DE are arranged in aluminum face growth ) . A nucleation layer and a high 
the X direction at a certain interval . The planar shape of the resistance buffer layer may be formed on the substrate SUB 
source electrode SE is the rectangular shape having the long 5 before the first to fourth nitride semiconductor layers ( S1 to 
side in the Y direction . The plurality of linear source S4 ) are formed in order . For example , an aluminum nitride 
electrodes SE each have a linear shape , and are arranged in ( AIN ) layer can be used as the nucleation layer , which can 
the X direction at a certain interval . The source electrodes be formed by epitaxial growth using a metal organic chemi 
SE and the drain electrodes DE are alternately arranged cal vapor deposition ( MOCVD ) process , for example . A 
along the X direction . The gate electrode GE is disposed 10 superlattice structure , which is formed by repeatedly stack 
between the contact hole C1 below the drain electrode DE ing film stacks ( AIN / GaN film ) including gallium nitride 
and the contact hole C1 below the source electrode SE . ( GaN ) layers and aluminum nitride ( AIN ) layers , can be 

The drain electrodes DE are coupled to one another by a used as the high - resistance buffer layer . Such a superlattice 
drain pad ( terminal part ) DP . The drain pad DP is disposed structure can be formed by alternate epitaxial growth of the 
so as to extend in the X direction on one end side ( for 15 gallium nitride ( GaN ) layer and the aluminum nitride ( AIN ) 
example , the upper side in FIG . 16 ) of the drain electrode layer using the metal organic chemical vapor deposition 
DE . In other words , the drain electrodes DE are disposed so process , for example . 
as to protrude in the Y direction from the drain pad Di Subsequently , an AlGaN layer ( Al proportion 5 % ) is 
extending in the X direction . Such a shape may be referred epitaxially grown about 1 um as the first nitride semicon 
to as comblike shape . 20 ductor layer ( buffer layer ) S1 over the substrate SUB using 

The source electrodes SE are coupled to one another by a a metal organic chemical vapor deposition process or the 
source pad ( terminal part ) SP . The source pad SP is disposed like . The constituent element ratio of the AlGaN layer can be 
so as to extend in the X direction on one end side ( for adjusted within a range of X of 0 to 0.1 ( OsXs0.1 ) , more 
example , the lower side in FIG . 16 ) of the source electrode preferably X of 0.03 to 0.08 ( 0.03sXs0.08 ) for Al Ga1 - xN , 
SE . In other words , the source electrodes SE are disposed so 25 for example . For an Al proportion of 5 % , X is 0.05 . The 
as to protrude in the Y direction from the source pad SP AlGaN layer is an undoped layer , for example . That is , the 
extending in the X direction . Such a shape may be referred AlGaN layer is not intentionally doped with an n - type or 
to as comblike shape . p - type impurity . 

The gate electrodes GE are coupled to one another by a Subsequently , a GaN layer is epitaxially grown about 40 
gate line GL . The gate line GL is disposed so as to extend 30 nm as the second nitride semiconductor layer ( channel layer ) 
in the X direction on one end side ( for example , the lower S2 on the first nitride semiconductor layer S1 using a metal 
side in FIG . 16 ) of the gate electrode GE . In other words , the organic chemical vapor deposition process or the like . 
gate electrodes GE are disposed so as to protrude in the Y Subsequently , an AlGaN layer ( Al proportion 22 % ) is 
direction from the gate line GL extending in the X direction . epitaxially grown about 14 nm as the third nitride semicon 
The gate line GL is coupled to a gate pad GP provided on 35 ductor layer ( barrier layer ) S3 on the second nitride semi 
each side ( for example , each of right and left sides in FIG . conductor layer S2 using a metal organic chemical vapor 
16 ) in the X direction of the gate line GL . deposition process or the like . For a constituent element ratio 

The mesa part of the fourth nitride semiconductor layer of the AlGaN layer , Z is larger than X , 0.15 to less than 0.3 
S4 is disposed below the gate electrodes GE and the gate line ( 0.155Z < 0.3 ) , more preferably 0.18 to 0.22 ( 0.18sZ 0.22 ) 
GL with the gate insulating film ( GI ) in between . 40 for Al Ga - N , for example . 

The source electrodes SE , the drain electrodes DE , and As described above , the two - dimensional electron gas 
the gate electrodes GE are disposed mainly over an active ( 2DEG ) is generated at the interface between the second 
region AC surrounded by an element isolation region ISO . nitride semiconductor layer ( channel layer ) S2 and the third 
The planar shape of the active region AC is a rectangular nitride semiconductor layer ( barrier layer ) S3 and in the 
shape having a long side in the X direction . The drain pad 45 second nitride semiconductor layer S2 . 
DP , the gate line GL , and the source pad SP are disposed Subsequently , a GaN layer is epitaxially grown about 25 
over the element isolation region ISO . The gate line GL is nm as the fourth nitride semiconductor layer S4 on the third 
disposed between the active region AC and the source pad nitride semiconductor layer S3 using a metal organic chemi 
SP . In the element isolation region ISO , an ion species such cal vapor deposition process or the like . The 2DEG disap 
as boron ( B ) or nitrogen ( N ) is implanted by ion implanta- 50 pears through such formation of the fourth nitride semicon 
tion or the like , so that crystallinity of the nitride semicon ductor layer S4 . 
ductor layer is disrupted . The first to fourth nitride semiconductor layers S1 to S4 
Description of Manufacturing Method are each grown while a carrier gas and a source gas are 

A method of manufacturing the semiconductor device of introduced into an apparatus , for example . A gas containing 
the first embodiment is now described with reference to 55 constituent elements of the nitride semiconductor layer 
FIGS . 17 to 33 while the configuration of the semiconductor ( herein , AlGaN layer or GaN layer ) is used as the source gas . 
device is further clarified . FIGS . 17 to 33 are each a sectional For example , for formation of the AlGaN layer , trimethyl 
view illustrating a manufacturing process of the semicon aluminum ( TMA1 ) , trimethyl gallium ( TMG ) , and ammonia 
ductor device of the first embodiment . are used as the source gases of Al , Ga , and N , respectively . 
As show in FIG . 17 , the substrate SUB is provided , and 60 For example , for formation of the GaN layer , trimethyl 

the first to fourth nitride semiconductor layers ( S1 to S4 ) are gallium ( TMG ) and ammonia are used as the source gases of 
formed in order . For example , a semiconductor substrate Ga and N , respectively . Thus , the epitaxial growth process 
made of silicon ( Si ) exposing a ( 111 ) plane is used as the allows the constituent element ratio of each layer to be easily 
substrate SUB . In addition to such a silicon substrate , a and accurately adjusted through control of flow rate of the 
substrate made of SiC or sapphire may be used as the 65 source gas . Furthermore , the epitaxial growth process allows 
substrate SUB . A substrate made of GaN may also be used . layers having different element configurations to be formed 
Any of subsequently formed nitride semiconductor layers easily and continuously through switching of the source gas . 
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Subsequently , an element isolation region ( ISO ) , which a hydrofluoric acid - based gas ( FIG . 22 ) . Subsequently , the 
cannot be shown in the section of FIG . 17 , is formed ( see photoresist film PR2 is removed by plasma stripping pro 
FIG . 16 ) . For example , a protective film such as an insulat cessing or the like . As a result , as shown in FIG . 22 , the field 
ing film is formed to cover over the fourth nitride semicon plate insulating film FP having an opening wider than the 
ductor layer S4 , and an undepicted photoresist film to open 5 width of the mesa part can be formed . 
the element isolation region is formed on the protective film Subsequently , as shown in FIGS . 23 to 28 , the gate 
by photolithography processing . Subsequently , boron ions insulating film GI and the gate electrode GE are formed over 
are implanted through the protective film with the photore the mesa part including the fourth nitride semiconductor 
sist film as a mask to form the element isolation region layer S4 . For example , the amorphous aluminum oxide 
( ISO ) . In this way , the ion species such as boron ( B ) or 10 ( a - A1203 ) is formed at a deposition temperature of 300 ° C. 
nitrogen ( N ) is implanted , thereby crystallinity of the nitride so as to have a thickness of 5 nm using an ALD process over 
semiconductor layer is disrupted , so that the element isola the mesa part including the fourth nitride semiconductor 
tion region ( ISO ) is formed . layer S4 , the third nitride semiconductor layer S3 , and the 

For example , boron ions are implanted at a density of field plate insulating film FP . Subsequently , the amorphous 
about 1x1014 to 4x1014 cm - 2 into part of the stack including 15 aluminum oxide ( a - A1,03 ) is subjected to heat treatment for 
the first to fourth nitride semiconductor layers S1 to S4 . The 10 min at 800 ° C. in an inert gas ( for example , nitrogen ) 
implantation energy is about 100 to 200 keV , for example . atmosphere . Through the heat treatment , the amorphous 
The implantation condition of the boron ions is adjusted aluminum oxide ( a - A1203 ) is crystallized and formed into 
such that the implantation depth , i.e. , the bottom of the crystalline aluminum oxide ( c - A1203 ) ( FIG . 23 ) . As 
element isolation region ( ISO ) is located below the bottom 20 described above , the thickness of the amorphous aluminum 
surface of the third nitride semiconductor layer ( barrier oxide ( a - A1,02 ) or the crystalline aluminum oxide ( C - A1,02 ) 
layer ) S3 , for example . In this way , the element isolation can be adjusted within a range from 2 to 20 nm , more 
region ( ISO ) is formed . The region surrounded by the preferably 5 to 10 nm . 
element isolation region ( ISO ) corresponds to the active Subsequently , as shown in FIG . 24 , a silicon oxide film 
region AC . As shown in FIG . 16 , the active region AC has 25 ( SiO2 film ) is formed as the second gate insulating film Gib 
a substantially rectangular shape . Subsequently , the photo on the first gate insulating film Gla . For example , the silicon 
resist film is removed by plasma stripping processing or the oxide film ( SiO , film ) is formed at a deposition temperature 
like , and then the protective film is removed . of 400 ° C. so as to have a thickness of 10 nm using a LPCVD 
Subsequently , as shown in FIG . 18 , for example , a silicon process . As described above , the thickness of the silicon 

oxide film is formed as a mask film MK on the fourth nitride 30 oxide film ( SiO , film ) can be adjusted within a range from 
semiconductor layer S4 so as to have a thickness of 100 nm 5 to 20 nm , more preferably 5 to 10 nm . 
using an LPCVD process or the like . Subsequently , a pho The silicon oxide film ( SiO , film ) is formed as the second 
toresist film PR1 is formed in a mesa part formation region gate insulating film G?b on the crystalline aluminum oxide 
on the mask film MK by photolithography processing . ( C - A1203 ) ; hence , dipole is formed at the interface between 
Subsequently , the mask film MK is etched with the photo- 35 such films . 
resist film as a mask ( FIG . 19 ) . For example , when a silicon Subsequently , the amorphous aluminum oxide ( a - A1203 ) 
oxide film is used as the mask film MK , dry etching is is formed on the second gate insulating film Gib at a 
performed using a fluorine - based gas , for example . Subse deposition temperature of 300 ° C. so as to have a thickness 
quently , the photoresist film PR1 is removed by plasma of 10 nm using an ALD process . Subsequently , the amor 
stripping processing or the like . 40 phous aluminum oxide ( a - A1203 ) is subjected to heat treat 

Subsequently , as shown in FIG . 20 , the mesa part includ ment for 10 min at 800 ° C. in an inert gas ( for example , 
ing the fourth nitride semiconductor layer S4 is formed . For nitrogen ) atmosphere . Through the heat treatment , the amor 
example , the fourth nitride semiconductor layer S4 is phous aluminum oxide ( a - A1203 ) is crystallized and formed 
removed by dry etching using a chlorine - based gas with the into crystalline aluminum oxide ( c - A1203 ) ( FIG . 25 ) . The 
mask film MK as a mask . In this stage , the mesa part is 45 above heat treatment condition is an exemplary condition . 
formed partially ( for example , in a rectangular shape having However , heat treatment at 800 ° C. or higher is preferably 
a long side in the Y direction ) over the third nitride semi performed to crystallize the amorphous aluminum oxide 
conductor layer ( barrier layer ) S3 , and 2DEG reoccurs on ( a - A1203 ) . 
both sides of the mesa part while remaining nonexistent No dipole is formed at the interface between the silicon 
below the mesa part . Subsequently , the mask film MK is 50 oxide film ( SiO2 film ) GIb and the overlying aluminum 
removed by etching . For example , when a silicon oxide film oxide ( a - Al2O3 , C - A1203 ) through the heat treatment ( crys 
is used as the mask film MK , the mask film MK is removed tallization ) . As described above , the thickness of the amor 
by wet etching using a buffered hydrofluoric acid , for phous aluminum oxide ( a - A1203 ) or the crystalline alumi 
example . num oxide ( C - A1203 ) to be the third gate insulating film GIc 

Subsequently , as shown in FIGS . 21 and 22 , the field plate 55 can be adjusted within a range from 2 to 20 nm , more 
insulating film FP is formed on the third nitride semicon preferably 5 to 10 nm . 
ductor layer S3 on both sides of the mesa part . For example , Subsequently , as shown in FIG . 26 , a silicon oxide film 
as shown in FIG . 21 , a silicon nitride film is deposited about ( SiO , film ) is formed as the fourth gate insulating film Gld 
90 nm as a film for the field plate insulating film FP over the on the third gate insulating film Glc . For example , the silicon 
third nitride semiconductor layer S3 and the fourth nitride 60 oxide film ( SiO , film ) is formed at a deposition temperature 
semiconductor layer S4 by a plasma CVD process or the of 400 ° C. so as to have a thickness of 10 nm using a LPCVD 
like . process . As described above , the thickness of the silicon 

Subsequently , a photoresist film PR2 having an opening oxide film ( SiO2 film ) to be the fourth gate insulating film 
on the mesa part is formed on the silicon nitride film . The Gld can be adjusted within a range from 5 to 20 nm , more 
film for the field plate insulating film FP is etched with the 65 preferably 5 to 10 nm . As a result , the gate insulating film GI 
photoresist film PR2 as a mask . For example , the film for the including the four - layer insulating film ( Gla to Gld ) can be 
field plate insulating film FP is etched by dry etching using formed . As described above , when the SiO , film is formed 
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on the Al2O3 film , the SiO2 film may be formed in an by etching the interlayer insulating film IL1 with the pho 
atmosphere of 800 ° C. or higher so that the A1,03 film as the toresist film PR3 as a mask . Subsequently , the photoresist 
lower layer is crystallized . film PR3 is removed by plasma stripping processing or the 

The silicon oxide film ( SiO , film ) is formed as the fourth like . 
gate insulating film Gld on the crystalline aluminum oxide 5 Subsequently , as shown in FIGS . 31 and 32 , the source 
( c - A1203 ) ; hence , dipole is formed at the interface between electrode SE and the drain electrode DE are formed in the 
such films . contact holes C1 and over the interlayer insulating film IL1 . 
As described above , the threshold voltage can be cumu For example , a conductive film 20 is formed over the 

latively increased by repeatedly stacking the two - layer films interlayer insulating film IL1 including within the contact 
including the crystalline A1203 films and the overlying SiO2 10 holes C1 . For example , an Al film is formed as the conduc 
films ( FIG . 2 ) . Although the gate insulating film GI includes tive film 20. For example , an Al film is formed at a thickness 
four layers ( GIa to Gld ) in this case , the gate insulating film of about 5 um using a sputtering process or the like over the 
GI may include six , eight , or at least ten layers . For example , interlayer insulating film IL1 including within the contact 
as described above , a film , which is formed by stacking the holes C1 . 
crystalline Al2O3 film ( Gla ) 5 nm thick , the SiO , film ( GIb ) 15 Subsequently , as shown in FIG . 32 , a photoresist film PR4 
10 nm thick , the crystalline A1203 film ( GIC ) 10 nm thick , is formed over the conductive film ( Al film ) in each of the 
and the Sio , film ( Gld ) 10 nm thick in order from the bottom formation regions of the source electrode SE and the drain 
side , may be used as the gate insulating film . In addition , a electrode DE , and the conductive film ( Al film ) 20 is etched 
film , which is formed by stacking a crystalline A1203 film 5 with the photoresist film PR4 as a mask . The conductive film 
nm thick , a SiO , film 5 nm thick , a crystalline Al , 03 film 5 20 ( Al film ) 20 is etched by dry etching using a gas mainly 
nm thick , a SiO2 film 10 nm thick , a crystalline Al2O3 film containing C12 , for example . Subsequently , the photoresist 
5 nm thick , and a SiO , film 10 nm thick in order from the film PR4 is removed by plasma stripping processing or the 
bottom side , may be used as the gate insulating film . like . Consequently , the source electrode SE and the drain 

Subsequently , for example , as shown in FIG . 27 , a tita electrode DE can be formed . The conductive film ( Al film ) 
nium nitride ( TIN ) film is deposited as a conductive film 10 25 20 is patterned and then subjected to heat treatment . For 
for the gate electrode GE on the insulating film for the gate example , heat treatment is performed for 30 min at 550 ° C. 
insulating film GI at a thickness of about 100 nm using a As a result , ohmic contact can be established between the 
sputtering process or the like . The constitutional material or conductive film ( Al film ) 20 and an underlying layer . 
thickness of the conductive film can be appropriately The conductive film ( Al film ) 20 may be patterned after 
adjusted . Polycrystalline silicon doped with a dopant such as 30 the heat treatment . An Al / Ti film may be used as the 
B or P may be used in addition to TiN for the conductive film conductive film 20. In such a case , for example , a Ti film is 
for the gate electrode GE . In addition , Ti , Al , Ni , Pt , and Au , formed at a thickness of about 16 nm using a sputtering 
and Si compounds or N compounds thereof may also be process or the like , and an Al film is formed on the Ti film 
used . A multilayer film formed by stacking such material at a thickness of about 2 um using a sputtering process or the 
films may also be used . For example , a film including an Au 35 like . Further good ohmic contact can be provided by using 
film stacked on the Ni film may also be used as the the Al / Ti film . An A1 / Cu film may also be used as the 
conductive film . conductive film 20. In this way , the constitutional material or 
Subsequently , an undepicted photoresist film is formed in thickness of the conductive film configuring the source 

a formation region of the gate electrode GE on the conduc electrode SE or the drain electrode DE can be appropriately 
tive film for the gate electrode GE by photolithography 40 adjusted . A material , which can be in ohmic contact with the 
processing . The conductive film for the gate electrode GE nitride semiconductor layer , is preferably used for such a 
and the gate insulating film GI are etched with the photo conductive film . 
resist film as a mask . For example , the TiN film and the Subsequently , as shown in FIG . 33 , an insulating film 
aluminum oxide film are etched by dry etching using a ( protective film ) IL2 is formed on the interlayer insulating 
chlorine - based gas , and the silicon oxide film is etched by 45 film IL1 including over the source electrode SE and the drain 
dry etching using a fluorine - based gas . A patterned insulat electrode DE . For example , a silicon nitride film is deposited 
ing film ( for example , silicon oxide film ) may be used as a about 90 nm using a CVD process or the like as a lower film 
mask . Subsequently , the photoresist film is removed by ( passivation film ) of the insulating film ( protective film ) IL2 . 
plasma stripping processing or the like . Consequently , as Subsequently , a polyimide film is deposited about 7 um as 
shown in FIG . 28 , the gate electrode GE is formed over the 50 an upper film on the silicon nitride film using a coating 
fourth nitride semiconductor layer S4 with the gate insulat process or the like . 
ing film GI in between . The insulating film ( protective film ) including the poly 

Subsequently , as shown in FIG . 29 , an interlayer insulat imide film and the like may be formed on the top intercon 
ing film IL1 is formed over the gate electrode GE . For nection after formation of multilayer interconnections to be 
example , a silicon oxide film is deposited about 1 um as the 55 coupled to the source electrode SE and the drain electrode 
interlayer insulating film IL1 using a CVD process or the DE . After that , the insulating film ( the film stack of the 
like . A silicon nitride film about 100 nm thick may be formed polyimide film and the silicon nitride film ) is removed so 
under the silicon oxide film . A so - called TEOS film , which that part of the underlying conductive film ( interconnection ) 
is formed from tetraethyl orthosilicate as a raw material , is exposed to form an undepicted pad in each of regions 
may be used as the silicon oxide film . 60 where the gate pad GP , the source pad SP , and the drain pad 

Subsequently , as shown in FIG . 30 , contact holes C1 are DP are necessary to be electrically coupled to external 
formed in the interlayer insulating film IL1 using a photo components . 
lithography technique and an etching technique . For The semiconductor device of the first embodiment can be 
example , a photoresist film PR3 having an opening in each formed through the above - described steps . The steps are 
of the source electrode coupling region and the drain elec- 65 merely shown as an example , and the semiconductor device 
trode coupling region is formed over the interlayer insulat of the first embodiment may be manufactured through other 
ing film IL1 . Subsequently , the contact holes C1 are formed steps . 
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Second Embodiment A film including four layers ( Gla to Gld ) is formed as the 
gate insulating film GI in the second embodiment . Specifi 

A semiconductor device of a second embodiment is now cally , provided is the gate insulating film including a stack 
described in detail with reference to the accompanying of two layers of two - layer film including the crystalline 
drawings . In the second embodiment , any configuration 5 Al2O3 as the lower layer and the silicon oxide ( SiO2 ) as the 
other than the gate electrode and the gate insulating film is upper layer . 
the same as that in the first embodiment , and can be formed As described above , the second embodiment uses the film 
in the same manufacturing method as in the first embodi stack , which is formed by repeatedly stacking the two - layer 

films including the crystalline Al , 03 films and the overlying ment . 
Description of Structure 10 SiO , films , as the gate insulating film GI . The Al2O3 film on 

FIG . 34 is a sectional view illustrating a configuration of the SiO2 film is formed in an amorphous state and then 
crystallized . Such a film stack is used as the gate insulating the semiconductor device of the second embodiment . The film GI , thereby the threshold voltage ( Vt ) can be increased semiconductor device of FIG . 34 is a MOS field effect as described above . 

transistor using a nitride semiconductor . The semiconductor The field plate insulating film FP is formed on the third device of the second embodiment is a so - called recessed nitride semiconductor layer S3 on both sides of the trench T. gate semiconductor device . The same configuration as that In this way , the field plate insulating film FP is provided 
in the first embodiment is designated by the same reference below the end portion of the gate electrode GE , making it 
numeral , and detailed description thereof is omitted . The possible to increase the withstand voltage of the semicon 
plan view of the semiconductor device of the second 20 ductor device . 
embodiment is similar to FIG . 16 , and FIG . 34 corresponds As in the first embodiment , the interlayer insulating film 
to a portion A - A in FIG . 16 . IL1 is formed over the gate electrode GE . The source 

In the semiconductor device of the second embodiment , electrode SE and the drain electrode DE are formed over the 
as shown in FIG . 34 , the first nitride semiconductor layer Si , third nitride semiconductor layer S3 on the two respective 
the second nitride semiconductor layer S2 , and the third 25 sides of the trench T. For example , contact holes ( coupling 
nitride semiconductor layer S3 are formed in order over the holes ) C1 are formed in the interlayer insulating film ILI , 
substrate SUB . A nucleation layer and an overlying high and the source electrode SE and the drain electrode DE are 
resistance buffer layer may be formed over the substrate disposed in and on the respective contact holes C1 . The 
SUB before formation of the first nitride semiconductor insulating film IL2 is formed over the source electrode SE 
layer S1 and others . The substrate SUB , the first to third 30 and the drain electrode DE . The insulating film IL2 includes 
nitride semiconductor layers ( S1 to S3 ) , the nucleation layer , a film stack of the lower film IL2a and the upper film IL2b . 
and the high - resistance buffer layer can each be formed from Description of Manufacturing Method 
a material and at a thickness similar to those in the first A method of manufacturing the semiconductor device of 
embodiment . the second embodiment is now described with reference to 

The second nitride semiconductor layer S2 has an electron 35 FIGS . 35 to 51 while the configuration of the semiconductor 
affinity equal to or larger than that of the first nitride device is further clarified . FIGS . 35 to 51 are each a sectional 
semiconductor layer S1 ( S1sS2 ) . view illustrating a manufacturing process of the semicon 

The third nitride semiconductor layer S3 has an electron ductor device of the second embodiment . A configuration 
affinity smaller than that of the first nitride semiconductor and a step similar to those in the first embodiment are not 
layer S1 ( S1 > S3 ) . 40 described in detail . 

In the second embodiment , the gate electrode GE is As show in FIG . 35 , the substrate SUB is provided , and 
formed over the inside of a trench ( recess ) T , which runs up the first to third nitride semiconductor layers ( S1 to S3 ) are 
to a slight depth of the second nitride semiconductor layer formed in order . A substrate similar to that in the first 
S2 through the field plate insulating film FP and the third embodiment can be used as the substrate SUB . Each of the 
nitride semiconductor layer S3 , with the gate insulating film 45 first to third nitride semiconductor layers ( S1 to S3 ) can be 
GI in between . formed using the same material and in the same way as in 

The 2DEG , which is generated in the vicinity of the the first embodiment . The two - dimensional electron gas 
interface between the second nitride semiconductor layer ( 2DEG ) is generated at the interface between the second 
( channel layer ) S2 and the third nitride semiconductor layer nitride semiconductor layer ( channel layer ) S2 and the third 
( barrier layer ) S3 and in the second nitride semiconductor 50 nitride semiconductor layer ( barrier layer ) S3 and in the 
layer S2 , is therefore separated by the trench T. Hence , when second nitride semiconductor layer S2 . Subsequently , an 
a predetermined voltage ( threshold voltage ) is applied to the element isolation region ( ISO ) , which cannot be shown in 
gate electrode E , a channel is formed below the gate the section of FIG . 35 , is formed as in the first embodiment 
electrode GE , and a portion between the 2DEG regions ( see FIG . 16 ) . 
becomes conductive by the channel , leading to an on state of 55 Subsequently , as shown in FIGS . 36 to 39 , the field plate 
the transistor . That is , normally - off operation can be insulating film FP having an opening is formed on the third 
achieved . nitride semiconductor layer S3 . For example , as shown in 

The planar shape of the trench T is a rectangular shape FIG . 36 , a silicon nitride film is deposited about 90 nm as a 
having a long side in a paper depth direction ( Y direction in film for the field plate insulating film FP over the third 
FIG . 16 ) . The planar shape of the stack of the gate insulating 60 nitride semiconductor layer S3 by a plasma CVD process or 
film ( GI ) and the gate electrode GE is a rectangular shape the like . Subsequently , a photoresist film PR21 having an 
having a long side in the Y direction ( see FIG . 16 ) . The opening in a formation region of the trench T is formed on 
width ( length in the X direction , length in the current flow the silicon nitride film ( FIG . 37 ) . The film for the field plate 
direction from the drain electrode to the source electrode , insulating film FP is etched with the photoresist film PR21 
i.e. , in the gate length direction ) of the gate electrode GE is 65 as a mask . For example , the film for the field plate insulating 
larger than the width ( length in the X direction ) of the trench film FP is etched by dry etching using a fluorine - based gas 
T. ( FIG . 38 ) . Subsequently , the photoresist film PR21 is 
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removed by plasma stripping processing or the like . As a Subsequently , as shown in FIG . 44 , a silicon oxide film 
result , as shown in FIG . 39 , the field plate insulating film FP ( SiO , film ) is formed as the fourth gate insulating film Gld 
having the opening in the formation region of the trench T on the third gate insulating film GIc . For example , the silicon 
can be formed . oxide film ( SiO , film ) is formed at a deposition temperature 

Subsequently , as shown in FIG . 40 , the third nitride 5 of 400 ° C. so as to have a thickness of 10 nm using a LPCVD 
semiconductor layer S3 and the second nitride semiconduc process . As described above , the thickness of the silicon 
tor layer S2 are etched with the field plate insulating film FP oxide film ( SiO , film ) to be the fourth gate insulating film 
as a mask to form the trench T that exposes the second Gld can be adjusted within a range from 5 to 20 nm , more 
nitride semiconductor layer S2 while running through the preferably 5 to 10 nm . As a result , the gate insulating film GI 
field plate insulating film FP and the third nitride semicon- 10 including the four - layer insulating film ( Gla to Gid ) can be 
ductor layer S3 . For example , the trench T is formed by dry formed . As described above , when the SiO2 film is formed 

on the Al2O3 film , the SiO2 film may be formed in an etching using a chlorine - based gas . After the etching , heat atmosphere of 800 ° C. or higher so that the Al2O3 film as the treatment ( anneal ) may be performed to recover etching lower layer is crystallized . damage . The silicon oxide film ( SiO2 film ) is formed as the fourth Subsequently , as shown in FIGS . 41 to 46 , the gate gate insulating film Gld on the crystalline aluminum oxide insulating film GI and the gate electrode GE are formed in ( c - A1203 ) ; hence , dipole is formed at the interface between 
the trench T having the bottom surface , from which the such films . 
second nitride semiconductor layer ( channel layer ) S2 is As described above , the threshold voltage can be cumu 
exposed , and over the field plate insulating film FP . First , for 20 latively increased by repeatedly stacking the two - layer films 
example , amorphous aluminum oxide ( a - A1,03 ) is formed at including the crystalline A1,02 films and the overlying SiO , 
a deposition temperature of 300 ° C. so as to have a thickness films ( see FIG . 2 ) . Although the gate insulating film GI 
of 5 nm using an ALD process over the bottom surface and includes four layers ( Gla to Gld ) in this case , the gate 
the side surface of the trench T and over the field plate insulating film GI may include six , eight , or at least 10 
insulating film FP as shown in FIG . 41. Subsequently , the 25 layers . For example , as described in the first embodiment , a 
amorphous aluminum oxide ( a - A1203 ) is subjected to heat film , which is formed by stacking the crystalline Al , 0 , film 
treatment for 10 min at 800 ° C. in an inert gas ( for example , ( Gla ) 5 nm thick , the SiO , film ( Gb ) 10 nm thick , the 
nitrogen ) atmosphere . Through the heat treatment , the amor crystalline Al2O3 film ( GIC ) 10 nm thick , and the SiO , film 
phous aluminum oxide ( a - Al2O3 ) is crystallized and formed ( Gld ) 10 nm thick in order from the bottom side , may be 
into crystalline aluminum oxide ( c - A1,03 ) ( FIG . 41 ) . As 30 used as the gate insulating film . In addition , a film , which is 
described above , the thickness of the amorphous aluminum formed by stacking a crystalline A1203 film 5 nm thick , a 
oxide ( a - A1203 ) or the crystalline aluminum oxide ( C - A1203 ) SiO2 film 5 nm thick , a crystalline Al2O3 film 5 nm thick , 
can be adjusted within a range from 2 to 20 nm , more and a Sio , film 10 nm thick in order from the bottom side , 
preferably 5 to 10 nm . may be used as the gate insulating film . 

Subsequently , as shown in FIG . 42 , a silicon oxide film 35 Subsequently , for example , a titanium nitride ( TiN ) film is 
( SiO , film ) is formed as the second gate insulating film GIb deposited as a conductive film 10 for the gate electrode GE 
on the first gate insulating film Gla . For example , the silicon on the insulating film for the gate insulating film GI at a 
oxide film ( SiO2 film ) is formed at a deposition temperature thickness of about 100 nm using a sputtering process or the 
of 400 ° C. so as to have a thickness of 10 nm using a LPCVD like ( FIG . 45 ) . As in the first embodiment , a film other than 
process . As described above , the thickness of the silicon 40 the TiN film may be used as the conductive film 10 for the 
oxide film ( SiO2 film ) can be adjusted within a range from gate electrode GE . 
5 to 20 nm , more preferably 5 to 10 nm . Subsequently , an undepicted photoresist film is formed in 

The silicon oxide film ( SiO2 film ) is formed as the second a formation region of the gate electrode GE on the conduc 
gate insulating film Glb on the crystalline aluminum oxide tive film for the gate electrode GE by photolithography 
( c - Al2O3 ) ; hence , dipole is formed at the interface between 45 processing . The conductive film for the gate electrode GE 
such films . and the gate insulating film GI are etched with the photo 

Subsequently , the amorphous aluminum oxide ( a - A1203 ) resist film as a mask . For example , the TiN film and the 
is formed on the second gate insulating film Gib at a aluminum oxide film are etched by dry etching using a 
deposition temperature of 300 ° C. so as to have a thickness chlorine - based gas , and the silicon oxide film is etched by 
of 10 nm using an ALD process . Subsequently , the amor- 50 dry etching using a fluorine - based gas . A patterned insulat 
phous aluminum oxide ( a - A1203 ) is subjected to heat treat ing film ( for example , silicon oxide film ) may be used as a 
ment for 10 min at 800 ° C. in an inert gas ( for example , mask . Subsequently , the photoresist film is removed by 
nitrogen ) atmosphere . Through the heat treatment , the amor plasma stripping processing or the like . Consequently , as 
phous aluminum oxide ( a - A1203 ) is crystallized and formed shown in FIG . 46 , the gate electrode GE is formed over the 
into crystalline aluminum oxide ( c - A1203 ) ( FIG . 43 ) . The 55 third nitride semiconductor layer S3 with the gate insulating 
above heat treatment condition is an exemplary condition . film GI in between . 
However , heat treatment at 800 ° C. or higher is preferably The interlayer insulating film IL1 , the source electrode 
performed to crystallize the amorphous aluminum oxide SE , the drain electrode DE , and the insulating film ( protec 
( a - Al2O3 ) . tive film ) IL2 as shown below can each be formed in the 
No dipole is formed at the interface between the silicon 60 same way as in the first embodiment . 

oxide film ( SiO2 film ) GIb and the overlying aluminum To briefly describe , first , as shown in FIG . 47 , the inter 
oxide ( a - A1203 , C - A1203 ) through the heat treatment ( crys layer insulating film IL1 is formed over the gate electrode 
tallization ) . As described above , the thickness of the amor GE . Subsequently , as shown in FIG . 48 , contact holes C1 are 
phous aluminum oxide ( a - A1203 ) or the crystalline alumi formed in the interlayer insulating film IL1 using a photo 
num oxide ( c - A1203 ) to be the third gate insulating film GIC 65 lithography technique and an etching technique . For 
can be adjusted within a range from 2 to 20 nm , more example , the contact holes C1 are formed by etching the 
preferably 5 to 10 nm . interlayer insulating film IL1 with the photoresist film PR22 
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as a mask . Subsequently , as shown in FIG . 49 , the conduc is reduced beyond the effect of the dipole ( see FIG . 13 ) . 
tive film 20 is formed over the interlayer insulating film IL1 Hence , when the two - layer film including the crystalline 
including within the contact holes C1 , and then , as shown in Al2O3 film and the overlying SiO2 is used as the gate 
FIG . 50 , the conductive film ( Al film ) 20 is etched with the insulating film GI , the second gate insulating film GIb made 
photoresist film PR23 on the conductive film ( Al film ) as a 5 of the silicon oxide ( SiO2 ) for the upper layer preferably has 
mask to form the source electrode SE and the drain electrode a thickness of 5 to 10 nm . The first gate insulating film Gla 
DE . Subsequently , the photoresist film PR23 is removed by made of the crystalline Al2O2 for the lower layer preferably 
plasma stripping processing or the like , and then , as shown has a thickness having a lower limit of 2 nm or more , more 
in FIG . 51 , the insulating film ( protective film ) IL2 is formed preferably 5 nm or more . In an exemplary thickness design 
over the interlayer insulating film IL1 including over the 10 for the two - layer film to be used , the aluminum oxide Gla 
source electrode SE and the drain electrode DE . may have a thickness of 37.5 nm , and the silicon oxide Gib 

The insulating film ( protective film ) including the poly may have a thickness of 10 nm , for example . 
imide film and the like may be formed on the top intercon The two - layer gate insulating film of the first application 
nection after formation of multilayer interconnections to be may be applied to the semiconductor device having the mesa 
coupled to the source electrode SE and the drain electrode 15 MOS structure ( FIG . 15 ) and the recessed - gate semiconduc 
DE . After that , the insulating film ( the film stack of the tor device ( FIG . 34 ) described in the first and second 
polyimide film and the silicon nitride film ) is removed so embodiments . 
that part of the underlying conductive film ( interconnection ) The method of manufacturing the semiconductor device 
is exposed to form an undepicted pad in each of regions of the first application may correspond to the method of 
where the gate pad GP , the source pad SP , and the drain pad 20 manufacturing the semiconductor device of the first or 
DP are necessary to be electrically coupled to external second embodiment , in which , however , the formation steps 
components . of the two upper insulating films ( GIC , Gld ) in the four 

The semiconductor device of the second embodiment can insulating films ( Gla to Gld ) are omitted . 
be formed through the above - described steps . The steps are Second Application 
merely shown as an example , and the semiconductor device 25 FIG . 53 is a sectional view illustrating a configuration of 
of the second embodiment may be manufactured through a semiconductor device of a second application of the third 

embodiment . In the semiconductor device of the second 
application , any configuration other than the gate insulating 

Third Embodiment film GI is the same as that of the semiconductor device of the 
30 first embodiment ( FIG . 1 ) . 

Although the gate insulating film has been configured by That is , although the gate insulating film GI is configured 
a film including at least four layers in the first and second by the crystalline Al , 03 film ( Gla ) , the SiO , film ( GIb ) , the 
embodiments , the film may be configured by a two - layer crystalline A1,02 film ( GIc ) , and the Sio , film ( GId ) in order 
film . In addition , the first and second embodiments have from the bottom side in the semiconductor device of the first 
been exemplarily described with the film stack of the 35 embodiment ( FIG . 1 ) , the gate insulating film GI may be 
crystalline aluminum oxide ( A1,03 ) film and the silicon configured by oxide films of various metals ( elements ) . 
oxide ( SiO2 ) film , a film stack of a first - metal oxide film Specifically , a four - layer film , which includes a crystalline 
( M10 ) and a second - metal oxide film ( M20 ) may also be oxide film ( M10 , Gla ) of a first metal , an oxide film ( M20 , 
used . Glb ) of a second metal , a crystalline oxide film ( M10 , GIC ) 
First Application 40 of the first metal , and an oxide film ( M20 , Gld ) of the 

FIG . 52 is a sectional view illustrating a configuration of second metal in order from the bottom side , is used as the 
a semiconductor device of a first application of the third gate insulating film GI . The first metal ( M1 ) has a lower 
embodiment . In the semiconductor device of the first appli electronegativity than the second metal ( M2 ) . It will be 
cation , any configuration other than the gate insulating film appreciated that a compositional ratio of M1 or M2 to O 
GI is the same as that of the semiconductor device of the first 45 varies depending on an element to be selected . 
embodiment ( FIG . 1 ) . Such a gate insulating film GI is formed by the following 

That is , the gate insulating film GI including the four steps . The crystalline first film made of the oxide of the first 
layer insulating film ( Gla to Gld ) is used in the semicon metal is formed on the mesa part , and the second film made 
ductor device of the first embodiment ( FIG . 1 ) , a gate of the second metal oxide is formed on the crystalline first 
insulating film GI including a two - layer insulating film ( Gla , 50 film . Subsequently , an amorphous third film made of the 
GIb ) is used in the first application . Specifically , a film stack oxide of the first metal is formed on the second film , and is 
of a first gate insulating film Gla made of a crystalline subjected to heat treatment and crystallized , thereby a crys 
aluminum oxide ( Al2O3 ) and a second gate insulating film talline third film made of the oxide of the first metal is 
Glb made of an overlying silicon oxide ( SiO2 ) is used as the formed . Furthermore , a fourth film made of the oxide of the 
gate insulating film GI . 55 second metal is formed on the crystalline third film . 

In such a case , dipole is also formed at the boundary In the first or second embodiment , the first metal is Al , and 
between the crystalline Al2O3 film and the SiO2 film and the second metal ( element ) is Si . In addition , the first film 
cancels the electric field caused by the interfacial positive ( Gla ) and the third film ( GIC ) are each the aluminum oxide 
charge Qint as described with reference to FIGS . 13 and 14 ( A1203 ) film , and the second film ( lb ) and the fourth film 
in the first embodiment . As a result , the threshold voltage 60 ( Gld ) are each the silicon oxide ( SiO2 ) film . 
( Vt ) can be increased In such a stacking relationship , the events of " dipole is 

In this way , the threshold voltage ( Vt ) can also be formed by forming the oxide film ( M20 ) of the second metal 
increased in the case where the two - layer film including the on the crystalline oxide film ( c - M10 ) of the first metal ” and 
crystalline Al2O3 film and the overlying SiO2 film is used as “ no dipole is formed in the case where the amorphous oxide 
the gate insulating film GI . However , if the second gate 65 film ( a - M10 ) of the first metal is formed on the oxide film 
insulating film Glb made of the silicon oxide ( SiO2 ) for the ( M20 ) of the second metal and crystallized ” are used , so 
upper layer has a large thickness , the threshold voltage ( Vt ) that the threshold voltage can be cumulatively increased 
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using the gate insulating film , which is formed by repeatedly ( d ) forming a gate insulating film above the mesa part ; and 
stacking the two - layer films including the crystalline oxide ( e ) forming a gate electrode over the gate insulating film , 
films ( M10 , Gla ) of the first metal and the oxide films where electron affinity of the second nitride semiconduc 
( M20 , Glb ) of the second metal ( see FIG . 2 ) . tor layer is equal to or larger than electron affinity of the first 

The first metal M1 and the second metal are each selected 5 nitride semiconductor layer , 
from elements of group II , group III , group IV , group V , and where electron affinity of the third nitride semiconductor 
group XIII shown in FIG . 54 ( Pauling's electronegativity layer is smaller than the electron affinity of the first nitride Table ) . In particular , the oxide of each of the first metal M1 semiconductor layer , and the second metal preferably exists as solid at a tem where electron affinity of the fourth nitride semiconductor perature in a device operation range ( for example , lower 10 layer is larger than the electron affinity of the first nitride than 200 ° C. ) , and has good insulation performance in a semiconductor layer , and thin - film state . A combination of the lower oxide film and where the step ( d ) includes the steps of the upper oxide film may be appropriately selected from 
among such metals in light of the electronegativity relation ( dl ) forming a crystalline aluminum oxide film over the 
ship . mesa part ; and 

Although the invention achieved by the inventors has ( d2 ) forming a silicon oxide film over the aluminum oxide 
been described in detail according to some embodiments film , 
thereof hereinbefore , the invention should not be limited where the aluminum oxide film has a thickness of 2 to 20 
thereto , and it will be appreciated that various modifications 
or alterations thereof may be made within the scope without 20 where the silicon oxide film has a thickness of 5 to 20 nm . 
departing from the gist of the invention . Supplementary Note 5 

For example , the gate insulating film of the second The method according to supplementary Note 4 where in 
application may be formed as a two - layer film and applied the step ( dl ) , the amorphous aluminum oxide film is sub 
to the semiconductor device described in the first applica jected to heat treatment and crystallized , thereby the crys 
tion . 25 talline aluminum oxide film is formed . 
Supplementary Note 1 Supplementary Note 6 

A semiconductor device , includes : A method of manufacturing a semiconductor device , 
a first nitride semiconductor layer ; includes the steps of : 
a second nitride semiconductor layer formed over the first ( a ) forming a second nitride semiconductor layer over a 

nitride semiconductor layer ; 30 first nitride semiconductor layer ; 
a third nitride semiconductor layer formed over the sec ( b ) forming a third nitride semiconductor layer over the 

ond nitride semiconductor layer ; second nitride semiconductor layer ; 
a trench that runs up to the second nitride semiconductor ( c ) etching the third nitride semiconductor layer and the 

layer through the third nitride semiconductor layer ; and second nitride semiconductor layer , thereby forming a 
a gate electrode disposed over the inside of the trench with 35 trench that runs up to the second nitride semiconductor layer 

a gate insulating film in between , through the third nitride semiconductor layer ; 
where electron affinity of the second nitride semiconduc ( d ) forming a gate insulating film over a bottom surface 

tor layer is equal to or larger than electron affinity of the first and a sidewall of the trench ; and 
nitride semiconductor layer , ( e ) forming a gate electrode over the gate insulating film , 
where electron affinity of the third nitride semiconductor 40 where electron affinity of the second nitride semiconduc 

layer is smaller than the electron affinity of the first nitride tor layer is equal to or larger than electron affinity of the first 
semiconductor layer , and nitride semiconductor layer , 
where the gate insulating film includes a stack formed by where electron affinity of the third nitride semiconductor 

stacking a crystalline first film made of oxide of a first metal , layer is smaller than the electron affinity of the first nitride 
a second film made of oxide of a second metal , a crystalline 45 semiconductor layer , and 
third film made of the oxide of the first metal , and a fourth where the step ( d ) includes the steps of 
film made of the oxide of the second metal in order from a ( dl ) forming a crystalline aluminum oxide film over the 
bottom side . bottom surface and the sidewall of the trench ; and 
Supplementary Note 2 ( d2 ) forming a silicon oxide film over the aluminum oxide 

The semiconductor device according to supplementary 50 film , 
Note 1 , where the first metal has a lower electronegativity where the aluminum oxide film has a thickness of 2 to 20 
than the second metal . 
Supplementary Note 3 where the silicon oxide film has a thickness of 5 to 20 nm . 

The semiconductor device according to supplementary Supplementary Note 7 
Note 1 , where the first film and the third film are each an 55 The method according to supplementary Note 6 , where in 
aluminum oxide film , and the step ( dl ) , the amorphous aluminum oxide film is sub 

where the second film and the fourth film are each a jected to heat treatment and crystallized , thereby the crys 
silicon oxide film . talline aluminum oxide film is formed . 
Supplementary Note 4 Supplementary Note 8 

A method of manufacturing a semiconductor device , 60 A semiconductor device , includes : 
includes the steps of : a first nitride semiconductor layer ; 

( a ) forming a second nitride semiconductor layer over a a second nitride semiconductor layer formed over the first 
first nitride semiconductor layer ; nitride semiconductor layer ; 

( b ) forming a third nitride semiconductor layer over the a third nitride semiconductor layer formed over the sec 
second nitride semiconductor layer ; 65 ond nitride semiconductor layer ; 

( c ) forming a mesa part including a fourth nitride semi a mesa part including a fourth nitride semiconductor layer 
conductor layer over the third nitride semiconductor layer ; formed over the third nitride semiconductor layer , and 

nm , and 
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a gate electrode disposed over the mesa part with a gate wherein electron affinity of the second nitride semicon 
insulating film in between , ductor layer is equal to or larger than electron affinity 
where electron affinity of the second nitride semiconduc of the first nitride semiconductor layer , 

tor layer is equal to or larger than electron affinity of the first wherein electron affinity of the third nitride semiconduc 
nitride semiconductor layer , tor layer is smaller than the electron affinity of the first 

where electron affinity of the third nitride semiconductor nitride semiconductor layer , 
layer is smaller than the electron affinity of the first nitride wherein electron affinity of the fourth nitride semicon 
semiconductor layer , ductor layer is larger than the electron affinity of the 

where electron affinity of the fourth nitride semiconductor first nitride semiconductor layer , and 
layer is larger than the electron affinity of the first nitride 10 wherein the step ( d ) includes the steps of : 
semiconductor layer , ( dl ) forming a crystalline first film made of oxide of a first 
where the gate insulating film includes a stack formed by metal over the mesa part ; 

stacking a crystalline aluminum oxide film and a silicon ( d2 ) forming a second film made of oxide of a second 
oxide film in order from a bottom side , metal over the crystalline first film ; and 
where the aluminum oxide film has a thickness of 2 to 20 15 ( d3 ) forming an amorphous third film made of the oxide 

of the first metal over the second film . 
where the silicon oxide film has a thickness of 5 to 10 nm . 2. The method according to claim 1 , wherein after the step 

Supplementary Note 9 ( d3 ) , the step ( d ) further includes the steps of : 
A semiconductor device , includes : ( d4 ) performing heat treatment on the amorphous third 
a first nitride semiconductor layer ; film to crystallize the amorphous third film , thereby 
a second nitride semiconductor layer formed over the first forming a crystalline third film made of the oxide of the 

nitride semiconductor layer ; first metal ; and 
a third nitride semiconductor layer formed over the sec ( d5 ) forming a fourth film made of the oxide of the second 

ond nitride semiconductor layer ; metal over the crystalline third film . 
a trench that runs up to the second nitride semiconductor 25 3. The method according to claim 2 , wherein in the step 

layer through the third nitride semiconductor layer ; and ( dl ) , the amorphous first film is subjected to heat treatment 
a gate electrode disposed over the inside of the trench with and crystallized , thereby the crystalline first film made of the 

a gate insulating film in between , oxide of the first metal is formed . 
where electron affinity of the second nitride semiconduc 4. The method according to claim 3 , wherein the first 

tor layer is equal to or larger than electron affinity of the first 30 metal has a lower electronegativity than the second metal . 
nitride semiconductor layer , 5. The method according to claim 3 , 
where electron affinity of the third nitride semiconductor wherein the first film and the third film are each an 

layer is smaller than the electron affinity of the first nitride aluminum oxide film , and 
semiconductor layer , and wherein the second film and the fourth film are each a 
where the gate insulating film includes a stack formed by 35 silicon oxide film . 

stacking a crystalline aluminum oxide film and a silicon 6. The method according to claim 5 , wherein the heat 
oxide film in order from a bottom side , treatment in the step ( 04 ) is performed in an atmosphere of 

where the aluminum oxide film has a thickness of 2 to 20 800 ° C. or higher . 
and 7. The method according to claim 5 , wherein in the steps 

where the silicon oxide film has a thickness of 5 to 10 nm . 40 ( d4 ) and ( d5 ) , the silicon oxide film is formed in an 
What is claimed is : atmosphere of 800 ° C. or higher . 
1. A method of manufacturing a semiconductor device , 8. The method according to claim 5 , 

comprising the steps of : wherein the aluminum oxide film has a thickness of 2 to 
( a ) forming a second nitride semiconductor layer over a 20 nm , and 

first nitride semiconductor layer ; wherein the silicon oxide film has a thickness of 5 to 20 
( b ) forming a third nitride semiconductor layer over the 

second nitride semiconductor layer ; 9. The method according to claim 8 , 
wherein the aluminum oxide film has a thickness of 5 to ( c ) forming a mesa part including a fourth nitride semi 

conductor layer over the third nitride semiconductor 10 nm , and 
layer ; wherein the silicon oxide film has a thickness of 5 to 10 

( d ) forming a gate insulating film above the mesa part ; and 
( e ) forming a gate electrode over the gate insulating film , 

nm , 

45 
nm . 

50 
nm . 


